Abstract: Several studies have shown improved soil stability under elevated atmospheric CO2 caused by increased plant and microbial biomass. These studies have not quantified the mechanisms responsible for soil stabilisation or the effect on water relations. The objective of this study was to assess changes in water repellency under elevated CO2. We hypothesised that increased plant biomass will drive an increase in water repellency, either directly or through secondary microbial processes. Barley plants were grown at ambient (360 ppm) and elevated (720 ppm) CO2 concentrations in controlled chambers. Each plant was grown in a separate tube of 1.2 m length constructed from 22 mm depth × 47 mm width plastic conduit trunk and packed with sieved arable soil to 55% porosity. After 10 weeks growth the soil was dried at 40
Introduction
Global climate change caused by elevated atmospheric CO 2 will undoubtedly have environmental impacts on soil. Not all of the impacts may be negative, such as improved soil physical stability found by Rillig et al. (1999) . It is also generally accepted that providing plant growth is not restricted by depleting water availability, biomass could also increase under elevated atmospheric CO 2 (Wu et al. 2004) . Greater rhizodeposition could thus increase soil microbial biomass (Sadowsky & Schortemeyer 1997) .
Several studies have found microbial and plant biomass influences the development of water repellency in soil (Feeney et al. 2004; Feeney et al. 2006; Hallett et al. 2003) . Under elevated atmospheric CO 2 , we hypothesise that an increase in plant biomass will drive an increase in water repellency, either directly or through secondary microbial processes. To test this hypothesis, barley plants were grown in an arable sandy loam soil under controlled conditions at either 360 ppm (ambient) or 720 ppm (elevated) atmospheric CO 2 for 10 weeks. Water repellency was then determined from measurements of water and ethanol sorptivity obtained with a miniature infiltrometer. Plant characteristics were also measured to assess the impact of elevated CO 2 .
Material and methods
Barley (Hordeum vulgaris c.v. Pipkin) was planted in rectangular soil tubes 22 mm deep × 47 mm wide and 1.2 m length. The tubes were constructed of plastic electrical trunking, which allowed for the front face to be removed for irrigation and experimental tests without disturbing the soil. Soil was collected from the top 10 cm of an arable field planted with barley. The soil was an Eutric Cambisol (FAO) with 71% sand, 19% silt, 10 % clay, pH (H2O) 6.2, 1.9% C , 0.07% N and 0.16 g g −1 field water content. It was sampled from Bullionfield, SCRI, Dundee, UK.
The soil was first passed through a 2 mm sieve and then packed in the tubes at field water content to a density of 1.2 g cm −3 . Packing was done along the removable front face of the tube to minimise the impact of wall friction. Once packed, the soil was smoothed so that the front face could be clipped into place without causing further compression to the soil.
A germinated barley seed was planted in the top 5 mm of each tube and then the tubes were wetted to 0.22 g g water content using a gentle spray that was applied evenly to the entire length of the tube. The front face was clipped into place, the tube turned so it was vertical, and then a thin layer of plastic beads was placed on the top surface to minimise evaporation.
The plants were grown for 10 weeks in growth chambers that allowed for CO2 concentrations to be controlled and monitored. The system was housed in a glasshouse and consisted of two chambers in which different CO2 concenc 2009 Institute of Botany, Slovak Academy of Sciences trations were maintained. Details of the design can be found in Gordon et al. (1995) . Soil temperature was maintained at 10
• C by inserting each tube into a cooling block contained at the base of each chamber. The air temperature peaked at 20
• C at 2 pm and dipped to 10
• C at 2 am, following a sinusoidal curve. The soil and air temperatures reflected typical conditions for Scotland during the summer. Lighting was supplemented by 400 W m −2 for 15 hours each day using sodium lights (Philips 400 W SON-T AGRO) located 0.5 m above each chamber.
The CO2 concentrations used were 360 ppm and 720 ppm, simulating atmospheric levels found currently and those projected for the 22 nd century, respectively. Every 14 days the tubes were watered to their original weight using the procedure mentioned previously. Water uptake was recorded. At the end of the growth period the shoot mass and number of tillers were measured. The front surface of the tube was removed and the soils were dried at 40
• C before conducting hydraulic measurements.
The sorptivity of water, Sw and ethanol, Se were measured using a miniaturised infiltrometer described in Hallett et al. (2003) . The infiltrometer tip was a micropipette tip with a radius of 0.14 mm. This small-scale allowed for measurements along the length of the tube to assess the depth effect. The hydraulic head was −2 cm so that the results would comply with previous research and macropore flow would be minimised. Contact between the infiltrometer tip and the soil surface was checked with a microscope. Liquid infiltration tests lasted 3 minutes, with steady-state generally occurring within 30 s of the onset of wetting. Water repellency, R was determined from the relationship R = 1.95Se/Sw, where the constant accounts for differences in surface tension and viscosity between water and ethanol. From this relationship we also approximated the contact angle, θ by θ = arccos (1/R) . Measurements were taken at 0.1 m intervals from 0-1 m depth, resulting in ten measurements of Sw and Se per tube.
Data were analysed using Genstat Eleventh Edition (VSN International). The hydraulic data were tested using general analysis of variance, with CO2 concentration and soil depth defined as treatment variables. The impact of CO2 concentration on plant properties and plant water uptake was assessed using a t-test.
Results
Barley plants grown at 720 ppm (elevated) CO 2 had much greater stem biomass, but the number of tillers and overall uptake of water over the 10 week growing period was similar to 360 ppm (ambient) CO 2 levels ( Table 1 ). The change in water content between manual irrigation dates is illustrated in Figure 1 . On the first date, 720 ppm CO 2 resulted in greater water loss than 360 ppm CO 2 (P < 0.01, t-test, n = 4), but on subsequent dates the water loss was similar.
The depth of the measurement had no effect on sorptivity or repellency (data not shown). A rise in CO 2 decreased water sorptivity from 1.13 ± 0.06 (s.e) mm s −1/2 to 1.00 ± 0.05 mm s −1/2 (P < 0.05, n = 30) and increased water repellency from 1.80 ± 0.09 to 2.07 ± 0.08 (P < 0.05, n = 30) (Fig. 2) . The corresponding contact angles estimated from the water repellency index increased signficantly from 56.25 ± 2.35
• for 360 ppm CO 2 to 61.11 ± 1.62
• for 720 ppm CO 2 (P < 0.05). Ethanol sorptivity was not affected by CO 2 concentration, suggesting a similar pore structure.
D.C. Gordon & P.D. Hallett

Discussion
Over the 10 week duration of the experiment presented here, atmospheric CO 2 levels predicted for the 22nd century (720 ppm) increased water repellency, resulting in slower wetting of initially dry soil. Increased plant growth under elevated CO 2 , as shown by the greater stem weight, probably drove this change. Stem biomass has been reported to increase under elevated CO 2 for numerous crops (Fleisher et al. 2008; Grant et al. 2004; Wu et al. 2004) . Root biomass could not be measured in this study because intact, dry soil was required for the hydraulic transport measurements. However, other research found that both shoot and root biomass increased under elevated CO 2 (Wechsung et al. 1995; Sadowsky & Schortemeyer 1997) , with a greater proportion of overall biomass increase to roots (Gregory et al. 1996) .
Increased rhizodeposition under elevated CO 2 (Azam et al. 2004; Darrah 1996) could alter hydraulic transport (Hallett et al. 2003) either directly or through secondary microbial processes (Sadowsky & Schortemeyer 1997; Wu et al. 2004 ) that produce hydrophobic substances (Feeney et al. 2004) . Changes in soil microbial structure under elevated CO 2 have been reported (Drigo et al. 2007 ), particularly increased abundance of arbuscular mycorrhiza fungi (Rillig et al. 1999; Rillig et al. 2001) , with differences dependent on plant species. However, in a study using the same soil and CO 2 controlled growth chambers that were used here, Griffiths et al. (1998) found similar microbial community structure for soils planted with wheat after 18 weeks growth. Increased rhizodeposition was probably the main driver that altered hydraulic transport in the current study.
The changes in hydraulic transport correspond to a 14% increase in water repellency and 13% reduction in water sorptivity under elevated CO 2 . Moreover, the absolute values of either parameter suggest that these soils will still wet readily, so a risk of severe water repellency developing, as described by Dekker et al. (2001) and Doerr et al. (2000) is not suggested here. For soils under agricultural production, experiments under elevated atmospheric CO 2 have found increased soil aggregate stability (Rillig et al. 2001) . Other research has demonstrated a clear link between the small levels of water repellency, such as those found in this study, and soil aggregate stability (Goebel et al. 2005) . As water repellency reduces the rate of water uptake, soils can be stabilised from the slaking stresses of rapid wetting. For instance, Rillig et al. (2001) attributed changes in soil stability to arbuscular mycorrhiza fungi, but the underlying stabilisation mechanism in that study may have been a small shift in water repellency.
The small change in water repellency found in this study could have implications to the spread of water within the root-zone of crops (Bachmann et al. 2007 ). This has serious implications given that climate change predictions suggest either less rainfall overall, or less frequent and more intense rainfall for the most agriculturally productive regions of the globe. Longer periods of drier soil predicted for the future could exacerbate the impact of water repellency on the patchy wetting and water retention of root-zone soil (Dekker et al. 2001; Goebel et al. 2005) . The study here, however, did not find differences in transpiration, which could lead to drier soils. Interestingly, despite differences in plant stem weight, water uptake did not vary between atmospheric and elevated CO 2 , which has also been found in other studies (Fleisher et al. 2008; Grant et al. 2004 ).
This initial study has shown that elevated atmospheric CO 2 can alter soil water transport through a small increase in water repellency. As a short-term, microcosm study conducted under highly controlled conditions, it provided valuable data to support the need for more extensive research in this area. In particular, the impact of elevated CO 2 on water repellency needs to be studied on longer term experiments, such as the free-air carbon exchange (FACE) experiments being conducted at various locations worldwide (Wechsung et al. 1995) . Moreover, the impact of soil moisture, plant species and soil type also needs to be investigated. Greater emphasis on the underlying processes driving changes in water repellency under elevated CO 2 , using approaches similar to those reported by Feeney et al. (2004 Feeney et al. ( , 2006 and Hallett et al. (2003) , will be the subject of future research.
